Understanding how newly synthesized proteins fold in the cell remains a fundamental problem in biology. Nascent polypeptides must interact cotranslationally with ribosome-associated chaperones and factors assisting in folding, translocation and quality control 1 . The determinants establishing cotranslational specificity in ribosome nascent-chain recognition by these factors are poorly understood. The roles of translation itself and of the mRNA sequences are particularly unexplored. The genetic code allows most amino acids a choice of optimal and nonoptimal codons, which are translated at different speeds 2-4 . Here we examine whether synonymous codon choice is tuned to promote interaction of nascent polypeptides with the SRP, which assists in protein translocation across membranes. Up to a third of the eukaryotic proteome is translocated into the endoplasmic reticulum (ER). Most translocation in eukaryotes involves the cotranslational action of the SRP, a key proteinbiogenesis factor acting on nascent chains to ensure their efficient delivery to the secretory pathway [5] [6] [7] [8] . SRP recognizes hydrophobic N-terminal signal sequences (SSs) or transmembrane (TM) segments in the translating polypeptides after they emerge from the ribosome exit tunnel 9,10 . SRP-bound ribosome nascent chain complexes (RNCs) are then transferred via the SRP receptor to a translocon channel in the ER membrane 5, 6 . Although SRP-independent post-translational translocation can also occur 11 , cotranslational translocation advantageously limits the cytoplasmic exposure of aggregation-prone, hydrophobic SS and TM segments 12 , thereby coupling protein synthesis and export.
acids and capped by a cleavage site 13 ; membrane-spanning TM segments contain longer hydrophobic stretches of ~20 amino acids. The hydrophobic groove in SRP54 (ref. 9 ) binds a minimum of 8 or 9 hydrophobic amino acids in the substrate 14 . Despite this understanding, the determinants establishing the specificity of the SRP in vivo remain enigmatic in light of several puzzling observations. First, beyond a minimal hydrophobicity threshold 15 , SRP binding is quite tolerant to sequence variation. SSs share little sequence similarity and are often highly divergent 16 . Strikingly, ~20% of random sequences can act in vivo as SSs when fused to the N terminus of invertase 17 . Second, the SRP can bind to secretory nascent polypeptides without canonical SSs 18 while ignoring other substrates with canonical SSs 11 . Third, the SRP can bind in vitro with nanomolar affinity to ribosomes translating cytoplasmic proteins without SSs or TM helices 19 . Accordingly, the SRP could in principle interact with many cytoplasmic proteins in vivo. Despite these observations, analysis of the cotranslational specificity of the SRP in vivo has indicated a high degree of selectivity for bona fide substrates containing SSs and TM helices 20 . Indeed, most cotranslational SRP substrates in vivo are secretory and membrane proteins (Fig. 1a) , and few off-target noncognate proteins bind the SRP.
The above observations suggest that the presence of an SS or TM segment may not be the only determinant driving SRP recognition. A quantitative analysis of cotranslational SRP-substrate interactions in vivo 20 in yeast cells revealed that some secretory and transmembrane proteins are more enhanced in SRP binding than others ( Fig. 1b; data set from ref. 20) . Although RNCs containing the longer TM segments as the first putative SRP-binding site are, in general, significantly more enriched in SRP binding than nascent chains with an SS (P = 0.0007 by Wilcoxon rank-sum test; Fig. 1b ; data set from ref. 20) , there is a wide range in the observed enrichment of SRP interaction within proteins with either SS or TM domains (Fig. 1b) . Analysis NAture StructurAL & moLecuLAr bIoLogY VOLUME 21 NUMBER 12 DECEMBER 2014
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A N A LY S I S of this unique in vivo interaction data set offers an opportunity to identify global determinants governing nascent-chain recognition by the SRP and may offer general insight into the recognition of nascent chains by cotranslationally acting factors.
Here we show that in vivo cotranslational recognition by the SRP is enhanced when the mRNA encoding the secretory polypeptide contains a cluster of nonoptimal codons (~35-40 codons) downstream of the SRP-binding site, a distance long enough to span the ribosomal exit tunnel 21 . Ribosome profiling analyses corroborate that preferential SRP recognition is linked to nonoptimal codons causing a local slowdown of translation upon ribosomal exposure of SRP-binding elements. Our results thus suggest that mRNAs contain sequence elements, which we propose to name 'REST' , for mRNAencoded slowdown of translation, that modulate local elongation rates to enhance recognition by ribosome-associated factors and regulate nascent chain fate.
RESULTS

SRP nascent-chain enrichment in vivo is not explained by the SS
To analyze substrates with SRP-binding sites of comparable length, we first focused on SS-containing proteins ( Fig. 1 and Supplementary  Fig. 1 ). We defined two sets of SS proteins on the basis of their in vivo SRP binding enrichment ( Fig. 1c and Supplementary Fig. 1 ): those enriched (SRP-E) and those strongly enriched (SRP-SE) in SRP. We also analyzed noncognate interactors (SRP-NC), which are cytosolic, mitochondrial and nuclear proteins that lack an SS or TM domain but nonetheless bind SRP in vivo, albeit at lower enrichment (Fig. 1c) . For SRP-NC proteins, we examined the longest N-terminal hydrophobic stretch in their sequences. The decreasing preference for SRP association in these curated sets, ranging from SRP-SE to SRP-E to SRP-NC, allowed the systematic analysis of determinants promoting SRP recognition. We examined the overall hydrophobicity, maximum hydrophobicity and sequence information content in SSs with distinctly higher enrichment scores (Supplementary Fig. 2 ). Strikingly, SS hydrophobicity, putative binding motifs and distinct sequence patterns could not explain the in vivo differences in SRP interaction observed for SRP-SE and SRP-E proteins, thus suggesting that the properties of the SS do not play a major part in the observed SRP enrichment (Supplementary Fig. 2 ).
SRP-SE OST subunits contain a translational-efficiency dip
Because individual codons are translated at different speeds [2] [3] [4] , and the SRP acts cotranslationally, we considered whether local elongation rates have a role in SRP recognition. Modulation of local translation kinetics through optimal (faster translated) and nonoptimal (more slowly translated) codons has been linked to cotranslational protein folding [22] [23] [24] [25] . We computed mRNA translational efficiency (TE) profiles for all SRP substrates, using a scale that incorporates the competition between tRNA supply and demand 25, 26 ( Supplementary Fig. 3 and Supplementary Table 1) .
We first examined individual TE profiles for the strongest SRP interactors, namely subunits of the essential oligosaccharyl transferase (OST) complex (Supplementary Fig. 4a) . OST subunits OST1, OST3, SWP1 and WBP1 have a unique topology consisting of an SS followed by a large N-terminal lumenal domain ( Fig. 2a and Supplementary  Fig. 4b) . Accordingly, their SSs may be under strong selective pressure for efficient cotranslational recognition to ensure translocation of the N-terminal domains. The median TE profile of the mRNAs encoding these OST subunits revealed two regions surrounding the SS enriched in nonoptimal codons, which would be slowly translated (Fig. 2b) . The beginning of the coding sequence contained a previously described low-TE ramp linked to facilitating translation initiation 27 . The second region of low TE occurred ~40 codons downstream of the start of the SS (Fig. 2b) . Given the ribosomal tunnel length of ~30-35 amino acids 21 , this low-TE region seems optimally positioned to slow elongation just as the hydrophobic SS emerges from the ribosome exit tunnel. Of note, this local dip in TE is evolutionarily conserved across closely related yeasts, thus suggesting an important functional role (Fig. 2c) . This led us to hypothesize that enhanced SRP interaction responds to a genetically programmed slowdown in elongation when the SS emerges from the ribosome. We also examined the TE of invertase, the model substrate that could accommodate many random sequences as a functional SS 17 . Intriguingly, we also found a distinct region of low TE within its coding sequence, ~34-40 codons downstream from the SS ( Supplementary Fig. 4c) ; this could account for the puzzling ability of many diverse sequences with suboptimal binding sites to mediate SRP interaction.
mRNA-encoded translation slowdown promotes SS recognition
We next calculated the median TE for all SRP-SE proteins and compared it to the median TEs of SRP-E and SRP-NC substrates. Remarkably, strongly enriched SRP substrates systematically had a low-TE region located ~38-43 codons downstream of the SS, which we did not observe in SRP-E or SRP-NC substrates (Fig. 3a) . Thus, this region of lower codon optimality translated when the SS emerges from the ribosome is a shared feature of SRP-enriched substrates. Correspondingly, individual mRNAs encoding SRP-SE substrates, but not SRP-E interactors, contained, on average, regions downstream of the SS with significantly lower TE (P = 0.02 by Wilcoxon ranksum test; Fig. 3b ). Of note, the lower TE in SRP-SE substrates can Fisher's exact test; Fig. 3c ). The cytosolic SRP-NC substrates show, on average, an intermediate TE in this region, which is absent from cytosolic proteins that have a long hydrophobic stretch but do not bind to the SRP ( Fig. 3b and Supplementary Fig. 4d ,e); this may contribute to their nonspecific interactions with the SRP. Our results suggest that mRNAs encoding nascent chains that bind strongly to the SRP in vivo contain a strategically placed sequence element that slows the elongation rate to coordinate translation with nascentchain recognition by the ER translocation factor SRP. We propose calling this type of element REST, for mRNA-encoded slowdown of translation. It is noteworthy that SRP-SE substrates exhibit lower local translational efficiencies downstream of the signal sequences ( Supplementary Fig. 4 ) even though they are more highly expressed and thus have overall higher translational efficiencies 26 . This suggests that for these mRNAs the lower TE fulfills a regulatory function, thus further supporting the importance of the REST elements in strongly enriched SRP substrates.
Translation elongation kinetics can be experimentally measured at high resolution by ribosome profiling, wherein slower local translation produces higher densities of ribosome-protected footprints 28 ( Fig. 4a and Supplementary Fig. 5a,b) . We assessed the presence of a local translation slowdown occurring in mRNAs encoding SRP-SE but not in SRP-E substrates, by using ribosome profiling data 29 . Indeed, the SRP-SE substrates exhibited higher average ribosome footprint densities ~35-40 codons downstream of the SS (Fig. 4b) , the region predicted to be more slowly translated by TE analysis. The footprint densities for individual proteins in this downstream region were, on average, significantly higher for SRP-SE than for SRP-E (P = 0.042 by Wilcoxon rank-sum test; Fig. 4c and Supplementary Fig. 5c,d ) and SRP-NC substrates, results also consistent with our TE analysis. An additional buildup of increased ribosome footprint densities from around position 20, shared by all substrates with cognate SSs, may arise from interactions between hydrophobic and helical signal anchor sequences 30 including their N-terminal positive charges 31 with the ribosome exit tunnel. Thus, we find good agreement between the low TE predicted in the mRNA region downstream of the SS and the observed slow translation kinetics in this region of the mRNA. It appears that a strategic enrichment in nonoptimal codons in the mRNA through a REST element slows down translation upon ribosomal exit of the SS, thereby kinetically increasing the time window for SRP binding and enhancing recognition of SRP-SE proteins.
REST sequence elements in TM proteins
We next examined whether an mRNA-encoded slowdown of translation also promotes SRP binding to TM proteins. For mRNAs encoding TM domains, we examined both their codon optimality ( Fig. 5a ) and their in vivo footprint densities from ribosome profiling experiments (Fig. 5b) . Similarly to what we observed for SS proteins, there was a characteristic region of average lower TE (Fig. 5a ) and a corresponding region of higher footprint density (Fig. 5b) downstream of the first TM segment. Surprisingly, the TM segments themselves also exhibited lower local translation rates evident in both the predicted lower TE and the higher ribosome footprint densities (Fig. 5a, Proteins often have several TM domains. In light of the lower TEs of TM domains themselves, we examined the average distances between successive TM segments in membrane proteins. Notably, the most frequent distance between the start sites of successive TM helices in TM proteins is ~32-35 codons (Fig. 5c) , i.e., the length of the ribosomal tunnel. The spacing may be favored in evolution to exploit the slow translation of the second TM helix and to promote binding of the SRP to the first TM upon emerging from the ribosome, particularly where the first TM segment constitutes the SRP-binding site.
To further examine whether nonoptimal codons promote SRP binding to TM segments without the confounding effect of a second downstream TM helix, we next extracted all TM proteins with a minimum distance of 60 codons between the first and the second TM segment. Because most TM proteins in this data set are strongly enriched in SRP binding (TM-SE; Fig. 1b) , we compared them to all TM proteins that were not strongly enriched (TM-nSE). Similarly to what we observed for SS proteins, the TM-SE substrates exhibited a lower predicted TE downstream of the TM segment both in representative median TE profiles ( Fig. 5d ) and upon analysis of individual mRNAs (P = 0.045 by Wilcoxon rank-sum test; Supplementary Fig. 6a) . Analysis of ribosome profiling data for TM-SE substrates also indicated a higher ribosome footprint density ~40 codons downstream of the first TM segment ( Fig. 5e and Supplementary Fig. 6b ), in agreement with the predicted TE elongation slowdown. Furthermore, the lower TE is linked to the increased presence of nonoptimal codons (P = 0.030 by Fisher's exact test; Fig. 5f ). On average, increased SRP enrichment correlates with the strength of predicted translation slowdown (Supplementary Fig. 6c) . Individual examples illustrate these findings. For instance, α-1,6-mannosyltransferase MNN11 has a signalanchor TM followed by a long lumenal domain ( Supplementary  Fig. 6d ). Efficient and reliable recognition by the SRP is required to avoid aggregation of the lumenal domain in the cytosol. We found a distinct region of low TE (Supplementary Fig. 6e ) downstream of the TM, which also results in a higher footprint density in ribosome profiling experiments (Supplementary Fig. 6f ). Of note, this low-TE region is also evolutionarily conserved across closely related yeasts (Supplementary Fig. 6g ), thus suggesting a functional role that is under selection. Both the dip in predicted TE and the peak in the ribosome footprint density profile are ~55 codons downstream of the start of the TM domain. This distance, longer than that observed for the SS, would allow the longer TM domain to fully emerge from (Fig. 5e and Supplementary Fig. 6h-j) . Generally, TM domains comprise stronger SRP-binding sites than SSs, and this may weaken the requirement for a REST element for recognition by SRP. Thus, whereas the shorter SSs often span nearly the length of the SRP-binding pocket, the much longer TM helices may provide an extended time window for SRP binding, spanning the full hydrophobic region emerging from the ribosome.
DISCUSSION
Translational elongation kinetics are emerging as an important new but poorly understood mechanism to pervasively control the fate of nascent chains in vivo. Our analyses establish a link between the strength of SRP-nascent chain interaction in vivo and REST elements in the mRNA sequences of both SS and TM proteins. An increased time window for SS or TM-helix recognition at the ribosome exit site systematically distinguishes strongly enriched from enriched SRP substrates. Indeed, strongly enriched SRP substrates contain mRNA elements with a preference for nonoptimal codons positioned to slow down translation upon ribosomal exit of the SRP-binding site, thus kinetically favoring recognition and engagement by the SRP.
Our work adds a kinetic dimension to the regulation of SRP binding in vivo, highlighting the dynamic nature of cotranslational events in the cell. Despite the profound understanding of the interaction of the SRP with SS and TM segments, the preferential in vivo SRP engagement with different substrates 20 could not be easily rationalized. Although our analysis clearly confirms that a hydrophobic SS or TM sequence is critical for SRP binding, we also find that, beyond a minimal threshold, increased hydrophobicity in SSs does not lead to stronger SRP recognition. Instead, we uncover a prominent role of synonymous codon choice in cotranslational recruitment of the SRP (Fig. 6) . A strategically placed nonoptimal codon cluster in the mRNA sequence ~35-40 codons downstream of the SS or TM segments enhances SRP binding in vivo. Ribosome profiling confirms the slowdown of translation just as the SRP-binding site emerges from the ribosome. The longer TM domains already have an extended association time window, and this, together with possible signaling from within the ribosomal tunnel 30 , may explain their enhanced SRP recognition. Notably, using a previously published translocation assay 32 that relies on SRP recognition and translocation of the signal anchor TM helix of the model substrate Pho8, we find that changing codon optimality at the naturally occurring upstream REST sequence decreases the efficiency of translocation (Supplementary Fig. 7) .
One corollary of these findings is that evolutionary pressures to enhance SRP binding have shaped mRNA sequences to enhance their efficient cotranslational targeting to membranes. The idea that elongation rates are attuned to cotranslational SRP recruitment explains previous observations that antibiotics affecting translation can enhance SRP binding 33 . Upon binding RNCs containing SS and TM sites, the SRP itself can further contribute to a kinetic elongation slowdown via its Alu domain 9 , albeit one that would affect all SRP substrates 34 . Although our analyses focused on nonoptimal codons, it will be interesting to examine whether additional elongationslowdown mechanisms, including stalling through positive charges 30 , proline residues 35 and RNA secondary structure 36 , have roles in regulating nascent-chain interactions.
The availability of global interaction and ribosome profiling datasets provides an unprecedented opportunity to delve into a hithertounexplored aspect of cotranslational biology, namely the kinetic determinants of cotranslational folding and recognition. The SRP, being a cotranslational binding factor with a defined recognition site in the emerging nascent chain, serves as a general paradigm for cotranslational nascent-chain recognition by chaperones and other factors. REST elements may generally modulate the fate of nascent polypeptides at the ribosome, coordinating their recognition by chaperones and other factors 37, 38 . Indeed, bacterial SRP appears to rely on Shine-Dalgarno-like sequence elements to coordinate translation and nascent-chain recognition 39 . Of note, regulation of local translation kinetics through synonymous codons allows for additional levels of dynamic control, e.g., via tRNA regulation or modification 40 . One intriguing consequence of this idea is the concept that synonymous mutations, and thus genomic coding sequences, are under direct selective pressure to accommodate the complexity of polypeptide folding and translocation in the cell.
METhODS
Methods and any associated references are available in the online version of the paper. Microarray data were analyzed with the SAM algorithm 41 , which statistically tests for differential expression between mRNAs attached to SRP-bound RNCs and all cellular mRNAs. Cotranslational SRP substrates were defined as those proteins whose messages were significantly enriched in the SRP pulldown over the total cellular mRNAs 20 . We compared the SRP substrates to the translatome by a 'two-class unpaired' SAM analysis to identify nascent chains whose interaction with the SRP is enriched over their levels of translation 42 . Whereas the analysis of the SRP54-TAP pulldown quantifies the fraction of mRNAs of each kind that is attached to SRP-bound RNCs compared to the total cellular mRNA pool, the comparison to the translatome reveals for each gene the fraction of mRNAs attached to SRP-bound RNCs in relation to the number of mRNAs that are being translated.
We retrieved the list of transmembrane (TM) regions across the Saccharomyces cerevisiae proteome from the Saccharomyces Genome Database (http://www. yeastgenome.org/), which are based on predictions by TMHMM 2.0 (ref. 43 ). We predicted signal sequences (SS) with SignalP 44 and Phobius 45 and considered the consensus with the annotations in the curated UniProt database (http://www. uniprot.org/). We computed the length of the hydrophobic region in SS with Phobius, as described in ref. 11 .
The SRP binds to hydrophobic N-terminal signal sequences or TM segments. TM proteins often lack a SS, in which case the first TM segment acts as a canonical SRP-binding site. Our initial analysis revealed a clear correlation between the length of the hydrophobic stretch in SS or TM segments and SRP enrichment, wherein a longer hydrophobic binding region leads to preferential SRP interaction (Fig. 1b) . However, big differences in enrichment are observed even for substrates with SRP-binding sites of comparable lengths, i.e., for SS proteins or TM proteins. To shed light on additional determinants beyond the length of the hydrophobic region that may affect SRP recognition, we split the data set of cotranslational SRP substrates into proteins with and without SSs (Supplementary Fig. 1 ). We defined SS proteins as those SRP substrates that had a predicted SS that was also listed in the UniProt database and no TM segment in at least the first 100 codons (schematized in Supplementary Fig. 1 ). In these proteins, the SS is the initial cognate SRP-binding site. We defined all proteins with predicted TM segments but no predicted or annotated SS as TM proteins (Supplementary Fig. 1) .
We first sought to harness the SS proteins as a paradigm of differential engagement with the SRP. We defined proteins with a SAM enrichment score of at least 2 and defined those within the top 30% of the strongest enrichment of SRP association over the translatome as strongly enriched SRP substrates, herein SRP-SE (n = 29). We classified all other SS proteins that significantly interact with the SRP as enriched (SRP-E) substrates (n = 78). Of note, because both SRP-SE and SRP-E proteins are cotranslational substrates of SRP-dependent protein translocation, this classification allows us to analyze global determinants of SRP specificity. We further included all cotranslational interactors of the SRP that did not have a predicted or annotated SS or TM segment as noncanonical (SRP-NC) substrates (n = 109). To identify the putative SRP-binding site, we searched for the first stretch of at least five consecutive hydrophobic amino acids in the N-terminal region of each amino acid sequence of the SRP-NC proteins.
TM proteins are generally translocated in an SRP-dependent manner 5, 6, 20 , as reflected in systematically higher enrichment scores of SRP interaction 20 (Fig. 1b) . Multipass TM proteins have several potential SRP-binding sites, and this complicates the interpretation of the statistical-enrichment score of SRP interaction. Furthermore, TM proteins that do interact with the SRP cotranslationally, albeit with very low enrichment scores, tend to be weakly expressed; thus, sufficient coverage is lacking in the ribosome profiling data to allow analysis of experimentally measured translation kinetics. We first looked at a set of n = 177 TM proteins with detectable expression levels 46 , of which n = 37 had ribosome density profiles with enough coverage. Because a second, slowly translated TM helix strategically spaced downstream may also promote SRP recognition of the first TM helix irrespective of nonoptimal codons, we analyzed all TM proteins, and then separately analyzed only those TM proteins with at least 60 codons between the start of the first and the second TM segments. To obtain sufficiently large sample sizes for the latter group, we defined TM proteins with a SAM enrichment score of SRP interaction of at least 3 as strongly enriched (TM-SE) substrates (n = 46) and all other TM proteins as not strongly enriched (TM-nSE) proteins (n = 165).
Sequence hydrophobicity. Hydrophobic interactions are central to intraand interchain interactions between polypeptides. Hydrophobicity profiles were computed from the amino acid sequences with the Kyte-Doolittle hydrophobicity scale. Individual hydrophobicity profiles were smoothed with sliding windows of size 7. To facilitate interpretation, we used a linearly rescaled version of the Kyte-Doolittle scale that has been normalized to have a zero mean and unitary s.d. 47 . Herein, hydrophobicity values greater than one are considered very hydrophobic.
To obtain a representative hydrophobicity profile for a group of multiple sequences, we aligned the sequences at the start of the hydrophobic region of the SS and computed the median hydrophobicity at each position. We present the median profiles rather than the mean profiles because the median is more robust toward extreme values, especially at small sample sizes. However, both representations led to the same conclusions. To validate that the median profiles are indeed representative for individual sequences, we computed the average hydrophobicity of the SS (or hydrophobic stretch in the SRP-NC substrates) for each sequence and compared the distributions of the SRP-SE, SRP-E and SRP-NC proteins. Because structural data suggest a minimum binding site of 8 or 9 amino acids in the nascent protein that interact with the hydrophobic groove in SRP54 (ref. 14) , we searched for the stretch of length 8 with the highest average hydrophobicity in each signal sequence. We validated that the lack of a global difference in hydrophobicity between SRP-SE and SRP-E substrates is independent of the choice of the window size considered (Supplementary Fig. 2f ).
Putative SRP-binding motif. Protein sequence motifs, also referred to as 'linear motifs' , are defined sequence patterns that mediate protein-protein interactions. Distinct motifs are ubiquitous in facilitating protein binding, targeting, cleavage and post-translational modifications. Whereas SSs have generally well-conserved properties, i.e., a short, positively charged N-terminal region of ~1-4 amino acids followed by a hydrophobic stretch of ~8-15 amino acids and a cleavage site, SSs share little direct sequence similarity and conservation. Here, we asked whether SRP-SE substrates share distinct sequence patterns in their hydrophobic regions that may explain their stronger SRP enrichment compared to SRP-E substrates.
The strength of motifs in biological sequences can be quantified by computing the information content (IC) from sequence alignments of the motif occurrences 48 . The IC is a theoretical measure based on the Kullback-Leibler divergence or 'relative entropy' , and it estimates the difference between the probabilities of the observed sequence patterns and the background distribution of the amino acid frequencies. Given a sequence alignment, the IC is calculated as: where f i,j is the observed frequency of amino acid j at position i in the alignment, p j is the background probability of amino acid j and n is the length of the alignment. We here used the amino acid frequencies in the secretome, i.e., all proteins with either SS or TM segments, as background probabilities.
Because the quality of the alignment strongly influences the discovery of sequence motifs, we tested different approaches. First, we aligned all SSs in the SRP-SE, SRP-E and SRP-NC substrates at the start of their hydrophobic regions as they emerge from the ribosome exit tunnel. Alternatively, we used the constraint-based alignment algorithm COBALT 49 with an artificially high gap opening penalty of −100 to generate local sequence alignments of the hydrophobic regions without gaps because any putative motif binding the SRP54 binding pocket would have to be continuous. We generated sequence logos of motifs in npg the SRP-SE, SRP-E and SRP-NC proteins with the WebLogo webserver (http:// weblogo.berkeley.edu/).
We hypothesized that, if there is a distinct sequence pattern that correlates with stronger SRP enrichment, we should observe a more pronounced motif, i.e., a higher IC, in the SRP-SE substrates. In relatively small multiple sequence alignment of low numbers of sequences, the present sequences more strongly affect the observed amino acid frequencies. To avoid any systematic bias toward the smaller group of SRP-SE substrates, we randomly sampled 1,000 times the number of SRP-SE sequences (n = 29) from the pool of all SRP-E substrates and, in a separate analysis, all SRP-E substrates plus SS proteins that do not cotranslationally interact with the SRP, and computed the IC. We then compared the IC of the SRP-SE proteins to that expected from the random distribution. In all these analyses, we found that the SRP-SE proteins do not contain a more defined sequence pattern in their hydrophobic SSs but rather fall onto the mean of the random distribution (Supplementary Fig. 2j ).
Translational efficiency predictions. Almost all amino acids can be encoded by multiple codons that are translated at different speeds [2] [3] [4] . To compute translational efficiency (TE) profiles from the protein-coding sequences, we made use of a recently introduced approach that takes into consideration the competition between tRNA supply and demand to predict codon-specific TEs 25, 26 . Herein, tRNA supply is estimated on the basis of the gene copy numbers of tRNAs, which are strongly correlated with cellular tRNA abundance, and selective constraints for wobble base pairs 50 . The tRNA demand is estimated on the basis of how often each codon is requesting a specific tRNA during translation, i.e., the frequency of codons in the mRNA sequences weighted by the mRNA expression levels 25 . Because secretory and transmembrane proteins (i.e., the secretome) are translated by ribosomes at or near the ER membrane 12,15 , we computed a TE scale for all yeasts, analyzed specifically for the secretome (Supplementary Fig. 3 and Supplementary Table 1) . We first examined whether the increased demand in the secretome for tRNAs that encode hydrophobic amino acids dramatically alters the TE scale compared to that of the full S. cerevisiae proteome. As expected, codons encoding hydrophobic amino acids become less optimal, and codons encoding charged amino acids become more optimal (Supplementary Fig. 2b) . However, the fold changes between codon-specific TE values computed for the secretome compared to the full proteome are relatively small ( Supplementary  Fig. 2b) . Accordingly, the resulting TE scale for the secretome is almost perfectly correlated to the TE scale for the full proteome (R 2 = 0.96; n = 61 sense codons; Supplementary Fig. 2c ) and does not result in changes in any classification into optimal and nonoptimal codons.
One characteristic of this normalized TE scale is the indication that for most codons, tRNA supply and demand are closely matched; of note, this is directly supported by experimental ribosome profiling data 51 . The analysis of the cellular tRNA pools also suggests two distinct tails of codons for which supply clearly exceeds demand and vice versa. To gain more discriminative power and to better reflect this balance between tRNA supply and demand, we here define the 20% least efficient codons as nonoptimal (Supplementary Fig. 2) . Furthermore, to support an argument of selective codon choice, we separately analyzed only those nonoptimal codons whose corresponding amino acids are encoded by at least three codons, thus omitting three codons (TTT − F; TAT − Y; AAT− N) from the list of nonoptimal codons (Supplementary Fig. 2a) . We report the results for the more degenerate nonoptimal codons in the main text. However, our results and their significance are the same for both definitions.
We computed median TE profiles for the SRP-SE, SRP-E and SRP-NC proteins, to represent the different classes of SRP substrates. To validate the presence of low-TE regions, we computed the mean TE in all individual sequences between codons 38 and 45 downstream of the start of the SS. Importantly, although the graph shows the median TE profiles smoothed by averaging over sliding windows of size 7 for clarity of representation, we evaluated the statistical differences between substrate classes from the raw TE profiles without any prior smoothing.
Ribosome profiling analysis. Ribosome profiling globally measures translation kinetics at high resolution by the selective sequencing of ribosome-protected footprints 28 . By producing a global snapshot of translating ribosomes along mRNAs, higher ribosome footprint densities indicate regions that are translated more slowly. Because unbiased statistical analyses of ribosome protection require sufficient coverage even in regions of low density, and ongoing improvements in NGS sequencing technology have improved the coverage of more-recent ribosome profiling data sets, we use a recent ribosome profiling data set obtained from ref. 29 . We computed the correlation coefficient between the ribosome footprint profiles of replica 1 and replica 2 in the profiling data set 29 as well as the consensus average footprint density profile for each ORF ( Supplementary  Fig. 5a ). Importantly, analysis of the correlation between replicas as a function of the average coverage (Supplementary Fig. 5b) indicates that the higher the minimum coverage, the higher, on average, the agreement between footprint density profiles between replicas. Accordingly, and following the approach of ref. 52 , a minimum coverage of, on average, at least ten sequencing reads per codon was chosen, to yield a curated ribosome profiling data set with good agreement between replicas. ORFs without sufficient coverage or reproducibility were discarded from further analyses. We further normalized the footprint density profiles to have an average coverage of 1.
To assess local translation rates downstream of SS or TM segments, we aligned the sequences at the start of their hydrophobic regions and computed representative median ribosome footprint density profiles for each class of substrates. We confirmed that the median profiles indeed reflect characteristics of individual profiles (Supplementary Fig. 5c,d) . To further validate that qualitative differences in median profiles reflect quantitative differences in individual proteins, we calculated the average footprint density of the downstream slowdown region. For SS proteins, we calculated the average footprint density for the region 38 to 45 codons downstream of the start of the hydrophobic stretch and for TM proteins the region 39 to 41 codons downstream of the start of the TM segment.
Several individual biochemically validated examples demonstrate that synonymous codons are indeed translated at different speeds [2] [3] [4] , thus directly affecting protein folding and function [53] [54] [55] . Further evidence for an important role of nonoptimal, more slowly translated codons stems from findings that overexpression of tRNAs corresponding to nonoptimal codons disrupts protein homeostasis and leads to widespread aggregation 56 . Our analysis found clusters of nonoptimal codons leading to a region of three to seven codons that is translated at significantly lower speed. Furthermore, we found significant differences in ribosome footprint densities that correlated with an enrichment in nonoptimal codons. The increasing availability of data sets with even deeper coverage will increase the statistical power of ribosome profiling data and allow detection of additional signals of translational attenuation that are not apparent in existing data sets with less coverage. This will further illuminate the contribution and hierarchy of additional factors beyond codon optimality that are known to contribute to local slower elongation rates, including positive charges 31 , polyproline motifs 35 , tRNA modifications 40 , RNA secondary structure 39 and codon-pair frequencies 57 , which are also likely to influence local translation rates in vivo.
Statistical analysis. Microarray data were analyzed with the SAM algorithm 41 . All data analyses were performed in Python and the statistics environment R (http://www.r-project.org/). Differences between distributions were tested for significance by the nonparametric Wilcoxon rank-sum test, and two-sided P values are reported. The enrichment of nonoptimal codons was tested by Fisher's exact test, and two-sided P values are reported.
